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ABSTRACT 

This  thesis  was  undertaken  to  examine  the  momentum  transfer  for 
collisions  between  gas  molecules  and  a  surface.  In  this  case,  tangen¬ 
tial  momentum  transfer  was  studied  by  measuring  the  drag  on  a  surface 
moving  through  a  stationary  gas.  This  moving  surface  was  realized  by 
rotating  a  magnetically  suspended  ball,  and  drag  was  measured  by  moni¬ 
toring  deceleration. 

Tangential  momentum  exchange  is  characterized  by  the  accommodation 
Ti  “  Tr 

coefficient  o  =  -  ,  which  is  a  measure  of  efficiency  of  tangential 

Ti 

momentum  transfer  to  the  surface. 

A  clean  ball  surface  was  generated  by  deposition  of  a  nickel  film 
under  ultra-high  vacuum  conditions  in  the  system. 

Results  showed  that  nearly  all  net  tangential  momentum  of  the  gas 
(i.e.  net  momentum  with  respect  to  the  moving  surface),  was  transferred 
to  the  surface.  For  the  three  gases  used;  nitrogen,  argon  and  helium; 
the  minimum  value  of  a  was  0.89  for  argon. 
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A  area 

cm  most  probably  velocity 
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t  ti  me 

u  peripheral  velocity 
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e  relative  error 

e  absolute  error 

K  fraction  of  molecules  reflected  diffusely 
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a  tangential  accommodation  coefficient 

p  density 

t.  net  incident  tangential  momentum 
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angular  velocity  in  radians  per  second 
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CHAPTER  I 


INTRODUCTION 


The  purpose  of  this  thesis  is  to  examine  the  tangential  momentum 
accommodation  coefficient,  a,  of  a  nickel  surface  with  the  gases  nit¬ 
rogen,  argon  and  helium.  This  coefficient  represents  the  efficiency 
with  which  gas  molecules  transfer  their  tangential  momentum  to  the  sur¬ 
face  on  collision.  A  measurement  of  this  transfer  of  momentum  was  ob¬ 
tained  by  moving  the  surface  with  respect  to  a  stationary  gas  and  mea¬ 
suring  the  drag  force  on  the  surface. 

The  moving  surface  was  produced  by  rotating  a  spherical  ball  sus¬ 
pended  in  a  magnetic  field  generated  by  an  electromagnet  placed  direct¬ 
ly  above  the  ball.  This  field  produced  an  attractive  force  equal  to 
the  ball's  weight  thus  eliminating  surface  contact  and  therefore  fric¬ 
tional  force  on  the  rotating  ball.  Deceleration  results  only  from 
transfer  of  momentum  from  the  stationary  gas  and  minor  magnetic  drag. 
Rotation  about  a  vertical  axis  was  produced  by  four  horizontal  field 
coils  which,  with  the  ball  as  a  rotor,  acted  as  a  two  phase  electrical 
induction  motor.  The  drag  force,  or  actually  torque,  was  obtained  by 
turning  off  the  power  to  the  field  coils  and  measuring  deceleration. 

_3 

During  drag  tests,  the  gas  was  in  the  10  torr  pressure  range. 

At  this  pressure,  number  density  is  low  enough  that  the  gas  is  free 
molecular  (i.e.  molecule-molecule  collisions  are  rare  compared  to  mole¬ 
cule-surface  collisions).  The  gas  molecules  reflected  from  the  surface 
are  assumed  to  obey  Maxwell's  model.  This  model  assumes  two  types  of 
interaction;  specular  or  unaccommodated  and  diffuse  or  completely 
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accommodated.  In  situations  where  there  is  neither  specular  nor  diffuse 
reflection,  it  is  assumed  that  a  fraction  of  incident  molecules  are  re¬ 
flected  diffusely  and  the  rest  are  reflected  specularly. 

Steel  balls,  3/8  inch  in  diameter,  from  ball  bearings  were  used 
in  these  experiments  because  of  their  close  tolerance  on  radius  and 
spherical  shape,  and  good  surface  finish.  Nickel  for  the  surface  was 

sublimated  from  a  filament  and  condensed  on  the  steel.  Since  sublima- 

-9 

tion  was  carried  out  at  a  low  pressure  of  5  x  10  torr,  a  clean  uncon¬ 
taminated  ball  surface  was  produced. 

Tangential  accommodation  measurements  have  been  made  by  Millikan 
and  co-workers  (1,  2,  3)  and  later  by  Hurlbut  and  co-workers  (4).  Each 
type  of  apparatus  used  a  mechanically  rotated  cylinder  which  exerted  a 
drag  torque  on  another  concentric  cylinder.  This  torque  was  measured 
by  suspending  the  second  cylinder  by  a  torsional  fiber.  Neither  appara¬ 
tus  could  be  baked  at  high  temperature,  so  low  pressure  could  not  be 
reached  and  the  test  surfaces  were  probably  contaminated  by  adsorbed 
gas  layers.  Magnetic  suspension  systems  have  been  used  by  Lord  and 
Harbour  (5)  and  by  Benson  (6).  Lord  and  Harbour  made  drag  measurements 
only  in  the  transition  pressure  region,  so  no  direct  comparison  can  be 
made  with  this  work.  Comparison  with  Benson's  results  can  be  made, 
although  silver  rather  than  nickel  was  used  as  a  test  surface.  Benson's 
apparatus,  with  some  changes,  was  used  for  the  present  work. 
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CHAPTER  II 


THEORY 


2.1  Maxwel 1-Bol tzmann  Statistics 


The  free  molecular  nature  of  the  gas  is  based  on  the  assumption  that 
pressure  is  low  and  the  number  of  gas  molecules  is  small.  The  important 
criterion  is  that  collisions  between  gas  molecules  are  relatively  rare 
compared  to  gas  molecule  collisions  with  the  vacuum  container  surfaces, 
which  means  the  mean  free  path  of  molecules  must  be  greater  than  the 
characteristic  system  dimensions.  For  this  work,  free  molecular  flow 
means  that  no  boundary  layer  is  built  up  on  the  rotating  ball,  and  re¬ 
flected  molecules  have  no  effect  on  incident  molecules. 

The  free  molecular  gas  is  assumed  to  obey  Maxwel 1 -Boltzmann  stat¬ 
istics,  the  basic  assumptions  of  which  are  as  follows: 

a)  Gas  molecules  are  numerous  enough  to  obey  random  statistical 
analysis . 

b)  All  molecule  energy  is  kinetic  energy. 

For  particles  obeying  Maxwel 1 -Boltzmann  statistics,  the  distribution 
of  particle  velocity  is  given  by  the  distribution  function  f(v). 


(2ttRT)3/2 
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where  f(v)  is  the  number  of  molecules  per  unit  volume  with  a 
velocity  v  to  v  +  dv 

n  is  the  total  number  of  molecules  per  unit  volume  at  all 
velocities 

R  is  the  gas  constant  for  the  gas  considered 

T  is  the  macroscope  gas  temperature 

2  2  ?  2 

v  is  the  molecule  velocity  v  =  vx  +  vy  +  vz  . 

All  angles  of  incidence  are  equally  probable  for  molecules  of  a 
stationary  gas  hitting  a  stationary  surface;  hence,  for  a  large  number 
of  collisions,  net  incident  tangential  momentum  is  zero.  A  transfer 
of  coordinates  allows  one  to  think  of  a  surface  velocity  as  a  bulk 
motion  of  the  gas.  Thus,  for  a  moving  gas  there  will  be  a  net  non- zero 
tangential  momentum  carried  to  the  surface  by  incident  molecules.  Total 
drag,  of  course,  depends  upon  both  incident  and  reflected  momentum. 

Consider  an  element  of  surface  area  dA  of  the  ball, 

x 


FIGURE  2.1 

where.  u  is  the  velocity  of  the  element  dA  and  corresponds  to 
the  peripheral  velocity  of  the  ball. 

The  y  axis  is  chosen  parallel  to  this  velocity. 
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For  a  stationary  Maxwellian  gas  surrounding  the  ball,  the  incident 
tangential  momentum  per  unit  time  t.  on  dA  will  be 

00  OO  00 

Ti  =  I  |  {  m  vz(vy  -  U)  f  dvx  dVy  dvz  dA, 

V  =  -oo  v  =  -oo  u  =0 

x  y  z 

from  which 

n  m  c  u 

t  m  . ,  , „x 

_  -  per  unit  area  (2) 

1  2/iF 

where  cm  =  /2RT  is  the  most  probable  speed. 

2.2  Accommodation  Coefficient 

Let  t ..  be  the  net  tangential  momentum  incident  on  a  surface,  and 
be  the  net  reflected  from  that  surface.  Tangential  momentum  gain 
by  the  surface  is  -  t  .  Since  a  is  the  efficiency  by  which  tangen¬ 
tial  momentum  is  imparted  to  the  surface,  we  can  define 


It  should  be  noted  that  is  not  measureable  in  these  experiments; 
rather  the  quantity  t.  -  was  measured,  which  gives  no  insight  into 
reflected  momentum  or  angle  for  a  particular  incident  momentum  or  angle. 
Maxwell's  model  is  discussed  only  to  give  a  physical  insight  into  a  pos¬ 
sible  approximate  reflection  mechanism. 

As  stated  in  Chapter  I,  Maxwell's  model  assumes  specular  and  diffuse 
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reflection.  For  specular  reflection,  reflected  and  incident  tangential 
momentum  are  equal  for  a  specific  collision.  Therefore,  no  tangential 
momentum  is  transferred  for  any  number  of  specularly  reflected  mole¬ 
cules.  Thus  t .  =  t  and  a  =  0. 
i  r 

For  diffuse  reflection,  all  reflected  angles  are  equally  probable 
and  independent  of  incident  angle,  so  diffuse  reflection  has  a  distri¬ 
bution  symmetric  about  a  surface  normal.  Thus,  although  a  single  mole¬ 
cule  has  reflected  tangential  momentum,  for  a  large  number  of  diffuse 
reflections  =  0  and  a  =  1.  Diffusely  reflected  molecules  are  assumed 
to  have  a  Maxwellian  velocity  distribution  with  a  macroscopic  temperature 
T^,  the  surface  temperature.  If  k  is  the  fraction  of  molecules  diffuse¬ 
ly  reflected,  equation  (3)  becomes 

t.  -  (1  -  k)  t. 

a  =  - - - -  =  «c  • 

2.3  Drag  Relations 


FIGURE  2.3 


' 


■ 

■ 


■ 


7 


The  torque  produced  by  transfer  of  tangential  momentum  to  the  ball 
surface  can  be  calculated  by  integration  of  x.r  dA,  where  the  element 
of  area  dA  is  taken  to  be  an  annular  ring  (see  Figure  2.3.) 


Drag  torque 


where 


dA 

W 


sin  <|>  dcf) 


r  t .  a  dA 
A 


r  =  R<.  sin  cj> 


and  u  =  w  Rs  sin  <j> 

R$  is  the  ball  radius  and  u)  is  the  angular  velocity  of  the  ball  in 
radians  per  second. 

Substituting  (3),  (4),  (6)  and  (7)  into  (5), 


(4) 

(5) 

(6) 

(7) 


TT 


W  =  n  m  u)  cm  a  /rr 


sin^  (j)dcj)  . 


(j)=0 


Integrating,  and  substituting  cm  =  and  P  -  nkT  yields 


W 


Angular  acceleration, 
and  moment  of  inertia 


=  w  a  P  (R$)4  4/3  /  2Tim/kf 
U 

a  =  -  y  ; 

I  =  8/15  pTT  (R^)5  j 


p  ri r 

^  v  2irkT  • 


(8) 


therefore 


-a 


5a)  a 


(9) 
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Since  go  varies  over  the  range  of  measurement,  equation  (9)  must  be 
integrated  over  time. 


doo 

dt 
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27ikT 
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2TTkT 


which  yields 


o  = 


n  /  2TTkT  ,  “1 

p  I  n 
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“1 

GO, 


5P(t2  -  t-,) 


00) 


For  nitrogen  this  gives 


In  f,/f? 

a  =  .692  —r — — f-  where  t-,  and  t«  are  in  minutes 

t2  _  t-j  \ 


and  f-|  and  are  angular  speed  in  revolutions  per  second. 
For  helium. 

In  f,/f« 
a  =  1.798  — r — -A 

z2  ‘  n 


and  for  argon. 


In  f-j/f 
t2  -  t 
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CHAPTER  III 


APPARATUS 


3.1  Vacuum  System  and  Gauges 

A  schematic  of  the  vacuum  system  is  shown  in  figure  1.  The  system 
was  built  of  non-magnetic  stainless  steel  and  glass.  Flanges  were 
sealed  with  bakeable  copper  gaskets  and  Kovar  was  used  for  glass  to 
metal  seals.  Pumping  was  achieved  by  a  mobile  pumping  stand  consisting 
of  an  Edwards  ES35  roughing  pump  and  an  Edwards  silicon  oil  diffusion 
pump  with  a  liquid  nitrogen  cold  trap.  A  Varian  15  litre  per  second 
diode  ion  pump  was  used  for  low  pressure  pumping. 

Test  gases  from  commercial  gas  cylinders  were  introduced  through  a 
Varian  leak  valve  and  passed  through  a  cold  trap.  The  cold  trap  acted 
to  precipitate  out  condensible  impurities  such  as  hydrocarbons,  water 
and  carbon  dioxide. 

-3 

Pressure  measurements  in  the  10  torr  range  were  made  with  a 
Varian  Dual  Range  ionization  gauge  control  unit  using  the  millitorr 
gauge  head.  The  thoriated  iridium  filament  used  in  this  gauge  head 
operates  at  a  relatively  low  temperature,  which  considerably  reduces 
chemical  reactions  in  the  vacuum  system.  For  specific  electron  current 
and  composition  of  gas,  ion  current  should  be  linear  with  pressure.  At 
high  pressure,  nonlinearity  occurs  because  secondary  electrons  produced 
by  ionizations  are  numerous  enough  to  cause  a  significant  number  of 
extra  ionizations.  In  the  present  gauge,  the  emitter  and  grid  are  close 

together  so  that  secondary  electrons  are  quickly  removed  to  the  grid. 

- 1  -4 

This  gauge  is  linear  from  above  10  torr  to  below  10  torr. 
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Ion  current  was  monitored  from  the  DC  recorder  output  by  a  Hewlett 
Packard  3440A  digital  voltmeter  and  electron  emission  current  was  set 
using  a  Hewlett  Packard  412A  voltmeter.  The  purpose  of  these  voltmeters 
was  to  increase  readability  and  accuracy  over  that  obtained  from  the 
small  voltmeter  readout  on  the  control  unit. 

Residual  gases  in  the  vacuum  system  were  measured  by  a  Varian 
model  974-0035  partial  pressure  gauge. 

3.2  Suspension,  Turning  and  Counting  Systems 

Figure  2  shows  a  section  view  of  the  suspension  and  turning  system, 
as  well  as  a  simplified  view  of  the  vacuum  suspension  chamber  and  ball. 
The  electronics  involved  is  discussed  more  fully  in  Appendix  I. 

The  suspension  system  consists  of  an  electromagnetic  core,  a  field 
coil,  light  source,  photodiode  and  several  lucite  plastic  support  pieces. 
A  lucite  cylinder  filled  with  oil  encloses  the  coil  and  core,  providing 
a  means  of  cooling  the  field  coil.  The  oil  is  water  cooled. 

The  vertical  position  of  the  suspended  ball  is  maintained  by  an 
electronic  feedback  system.  As  shown  in  Figure  2,  the  photodiode  and 
light  bulb  is  positioned  such  that  the  ball  blocks  out  part  of  the  light 
to  the  photodiode.  Thus,  the  vertical  position  of  the  ball  determines 
the  amount  of  light  that  is  received  by  the  photodiode.  The  photodiode 
current  controls  the  power  to  the  suspension  coil  in  such  a  way  as  to 
keep  the  ball  suspended  at  a  constant  height. 

The  core  is  mounted  on  a  cantilever  wire  spring  so  that  it  can  move 
laterally  to  follow  any  lateral  motion  of  the  ball.  The  cooling  oil  acts 
as  a  dashpot  to  damp  out  these  lateral  oscillations. 
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The  induction  coils  for  turning  (also  shown  in  Figure  10),  are 
mounted  on  a  ferrite  ring.  Opposite  poles  have  opposite  polarity  and 
the  two  sets  of  poles  are  driven  with  current  90°  out  of  phase. 

Power  is  supplied  to  the  field  coils  at  a  frequency  of  8250  Hz 
(see  Appendix  I)  which  places  an  upper  limit  of  8250  revolutions  per 
second  of  the  speed  of  the  ball. 

Measurement  of  rotational  speed,  f,  was  achieved  by  monitoring 
reflected  light  from  the  ball.  A  small  semi-circumferential  scratch 
engraved  on  the  ball  with  an  abrasive  cutter,  modulated  the  reflected 
light  from  the  suspension  light  bulb  to  produce  a  counting  signal  in  a 
photodiode  monitoring  circuit.  After  suitable  amplification,  the  signal 
was  fed  through  a  triggering  mechanism  to  an  ATEC  6845  counter.  The 
count  was  displayed  as  a  digital  output  and  recorded  on  a  Hewlett 
Packard  564  digital  recorder. 

To  ensure  that  part  of  the  counting  scratch  was  in  the  path  of  the 
reflected  light,  it  was  necessary  to  maintain  it  in  a  vertical  orienta¬ 
tion.  This  was  done  by  deliberately  inducing  some  permanent  magnetism 
in  the  desired  orientation,  after  first  demagnetizing  the  ball. 

3.3  Residual  Drag 

Some  drag  is  produced  by  magnetic  effects  on  the  ball.  This  drag 
must  be  determined  for  every  test,  and  subtracted  from  subsequent  mea¬ 
surements  to  determine  drag  due  to  momentum  exchange  with  the  gas. 

Equation  (10)  becomes 
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where  P^  is  the  measured  pressure  obtained  from  measurement  of 
rotational  deceleration, 

.  In  f?/f, 

P|v|  =  .6916  ^ ^ —  for  nitrogen. 

is  the  residual  magnetic  drag  converted  to  an  equivalent  pressure 

drag.  It  varied  to  a  maximum  of  5  x  10”^  torr  during  tests. 

Pj  is  the  true  system  pressure  obtained  from  the  ion  gauge. 

Probable  causes  of  magnetic  drag  are: 

1)  Electrical  noise  amplified  in  the  high  gain  amplifying  systems. 

Such  noise  could  originate  from  shop  machinery  and  from  fluctua¬ 
tions  in  line  voltage.  There  appears  to  be  some  cross  coupling 
between  the  sensitive  counting  preamplifier  circuit  and  the  sus¬ 
pension  circuit,  which  produced  variations  in  suspension  current 
and  resulted  in  eddy  current  drag. 

2)  Magnetic  inhomogeneity  of  balls.  Several  balls  were  tested  for 
residual  effects,  and  seemingly  identical  balls  often  produced 
different  magnetic  drag.  Non-uniform  demagnetization  probably 
caused  this  discrepancy. 

3)  Small  lateral  oscillations  of  the  ball,  which  cause  fluctuating 
magnetic  fields  in  the  ball.  Experiments  showed  that  when  the 
ball  had  observable  lateral  motion,  residual  drag  was  high.  Lat¬ 
eral  oscillation  were  brought  on  by  room  vibration. 


:«H3 

■- 

. 

' 


13 


3.4  Sublimation  of  Nickel 

Nickel  was  sublimated  by  passing  about  six  amps  through  a  0.020 
inch  diameter  nickel  filament.  This  amperage  was  determined  by  trial 
to  be  the  current  required  to  produce  a  visible  film  of  nickel  on  the 
glass  filament  holder.  The  film  thickness  on  the  ball,  per  deposition, 
was  estimated  to  be  about  150°A  thick  (about  60  monolayers)  after  three 
minutes  deposition  time.  During  sublimation,  the  high  filament  temp¬ 
erature  caused  local  heating  and  hence  desorption  such  that  the  system 

-8 

pressure  rose  to  5  x  10  torr.  At  this  pressure  and  deposition  rate, 
the  film  is  estimated  to  be  more  than  99%  nickel. 

During  actual  tests,  the  nickel  was  sublimated  with  the  ball  ro¬ 
tating  at  about  1000  r.p.s.  and  the  system  pressure  as  low  as  possible. 

The  steel  substrate  was  prepared  by  cleaning  with  solvents,  and  was  at 
room  temperature  when  coated.  No  effort  was  made  to  sinter  the  nickel 
film  after  deposition.  Trapwell  (7)  states  that  an  unsintered  film 
deposited  under  such  conditions  is  probably  porous  and  has  relatively 
low  density.  Thus  the  film  surface  would  be  rough  and  might  be  expected 
to  produce  diffuse  reflection. 

3.5  Ion  Gauge  Calibration 

Figure  3  shows  the  calibration  curve  for  nitrogen.  This  curve  was 
obtained  from  tests  using  a  sandblasted  ball  which  was  assumed  to  produce 
diffuse  reflection.  Thus,  since  a  =  1,  equation  (11)  becomes  Pj  =  P^  -  P£. 
In  Figure  3,  the  ordinate  indicates  true  pressure,  -  P£,  as  calculated 
from  drag  data;  and  the  abscissa  indicates  the  corresponding  nitrogen  ion 
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current.  Since  the  ion  gauge  response  is  linear,  and  the  calibration 
points  lie  close  to  a  straight  line,  it  appears  that  pressure  measure¬ 
ment  was  precise. 

As  explained  in  3.1,  ion  current  at  a  given  pressure  is  different 
for  different  gases.  Figure  4  shows  the  calibration  for  helium.  The 
curve  consists  of  points  of  equivalent  helium  and  nitrogen  ion  current 
(i.e.  both  gases  at  the  same  true  pressure).  To  find  true  pressure 
from  a  helium  ion  current,  this  current  must  be  converted  to  an  equi¬ 
valent  nitrogen  current  using  Figure  4,  and  then  to  pressure  using 
Figure  3. 

Figure  4  was  obtained  using  an  MKS  Baratron  capacitance  manometer 
pressure  gauge.  This  gauge  measures  pressure  by  monitoring  the  capaci¬ 
tance  of  a  diaphragm  which  becomes  more  or  less  distended  depending 
upon  pressure.  Therefore,  its  pressure  reading  is  independent  of  the 
type  of  gas  used.  Figure  4  was  obtained  by  admitting  nitrogen  and  helium 
in  turn  to  fixed  pressures  on  the  Baratron  and  comparing  equivalent  ion 

_3 

gauge  pressures.  Unfortunately  the  Baratron  is  not  accurate  at  10  torr 
so  the  calibration  was  done  in  the  low  10  ^  torr  range. 

A  calibration  factor  of  0.85  was  applied  to  ion  currents  measured 
in  argon  to  convert  to  the  nitrogen  calibration.  This  factor  is  quoted 
in  the  Varian  manual  and  agreed  with  a  Baratron  calibration  factor  to 
within  1-1/2%. 

3.6  Experimental  Method 

Preparation  of  the  system  consisted  of  cleaning  using  solvents  and 
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distilled  water.  The  system  was  baked  for  about  6  hours  at  325°C  to 

-9 

achieve  an  ultimate  pressure  of  5  x  10  as  measured  by  the  ion  pump 
control  unit. 

The  steps  taken  for  each  test  are  outlined  as  follows: 

1)  Suspend  the  ball  and  accelerate  it  to  about  1000  r.p.s. 

2)  Determine  residual  drag  at  a  pressure  of  5  x  10  torr. 

3)  Turn  on  and  stabilize  the  ion  gauge. 

4)  Evaporate  the  nickel  film  if  required. 

5)  Admit  test  gas  to  test  pressures. 

6)  Determine  the  accommodation  coefficient  at  desired  pressures. 


. 


CHAPTER  IV 


RESULTS  AND  DISCUSSION 


4.1  Aging  Process 

Measurements  of  a  were  performed  for  each  gas  both  on  a  freshly 

deposited  nickel  surface  and  on  an  aged  nickel  surface.  The  aging  pro- 

-8 

cess  consisted  of  leaving  the  ball  for  one  day  in  a  vacuum  at  10  torr 
and  room  temperature.  Thus,  a  partial  layer  of  chemisorbable  residuals 
was  probably  present  after  aging,  but  the  exact  nature  of  adsorbed  gas 
layers  was  not  determined.  Studies  of  residual  gases  indicated  a  com¬ 
position  typical  of  air,  from  which  it  was  concluded  that  baking  time 
was  not  long  enough  for  complete  removal  of  air,  or  that  some  small 
leak  was  present. 

4 .2  Nitrogen  Results 

Results  for  nitrogen  on  new  and  aged  nickel  are  given  in  Figure  5 
and  Table  1.  The  numbers  beside  the  points  on  Figure  5  indicate  the 
order  in  which  readings  were  taken.  Values  of  a  were  constant  with 
pressure;  with  an  average  o  =  0.94  for  new  nickel,  and  a  =  0.91  for 
aged  nickel. 

4.3  Argon  Results 

Results  for  argon  are  given  in  Figure  6  and  Table  2.  Values  of  a 
are  not  very  constant,  particularly  for  the  new  nickel  surface.  Runs 
3  and  4  were  probably  affected  by  a  disturbance  caused  by  vibration  or 
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electrical  noise.  For  new  nickel,  points  1  and  2  indicate  a  tentative 
value  of  a  =  0.9. 

Aged  nickel  results  were  better  behaved.  The  points  lie  nearly 
along  a  straight  line  which  may  indicate  some  systematic  error.  It 
seems  unlikely  that  the  error  is  in  residual  drag,  since  residuals  in¬ 
variably  increase  with  test  time,  resulting  in  an  apparent  increase  in  a. 
An  error  in  the  ion  current  conversion  factor  0.85  would  cause  a  shifting 
of  all  points  equally  up  or  down  rather  than  a  change  in  slope.  The 
average  value  of  a  for  argon  on  aged  nickel  is  0.87. 

4.4  Helium  Results 

Results  for  helium  are  given  in  Figure  7  and  Table  3.  Values  of  o 
for  helium  on  new  nickel  fluctuate.  This  data  was  collected  at  the  same 
time  as  argon  on  new  nickel;  and  therefore,  since  both  sets  of  values 
fluctuate,  it  seems  reasonable  that  vibration  or  electrical  noise  caused 
gross  error. 

Results  for  helium  on  aged  nickel  are  better  behaved  than  those  on 
new  nickel.  Again,  points  lie  almost  in  a  straight  line.  Since  2  and  3 
were  revised  from  the  usual  order  but  still  on  a  straight  line,  pressure 
calibration  error  seems  probable.  An  average  value  of  a  =  1.0  is 
i ndi cated. 

4.5  Error  Analysis 

The  tangential  momentum  accommodation  coefficient  is  given  by 
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a  = 


p  *  p* 

M  "  KR 

pi 


where 


P* 

M 


D  /  27rkT  ,  "1 

pRs  /  — In 


m 


5(t2  -  t-,) 


To  find  the  error  in  a,  the  error  in  each  parameter  must  be  con¬ 
sidered.  Let  e  be  the  absolute  error  and  e  be  the  relative  error  of 

P  P 

the  quantity  p,  with  similar  notation  adopted  for  the  other  parameters. 

£p  =  0.01  is  calculated  assuming  a  possible  temperature  variation 
of  10°F  in  the  gas  temperature.  It  should  be  noted  that  the  actual 
temperature  is  not  important  to  the  final  results,  only  the  deviation 
of  temperature  from  that  of  the  calibration  run. 

e ^  depends  upon  the  amount  of  impurity  in  the  test  gas,  since  the 
molecular  weight  was  taken  to  be  that  of  the  test  gas  itself.  An  exact 
analysis  of  impurity  was  not  done  because  the  partial  pressure  gauge 
does  not  function  at  test  pressures,  for  both  nitrogen  and  argon 

are  negligible,  but  for  helium  may  be  about  0.01  to  0.05.  sy^  =  0.03 
will  be  used  for  helium. 

Speed  was  measured  accurately  by  the  digital  counter  which  printed 
out  rotational  speed  every  ten  seconds,  =  0.003  will  be  assumed. 

The  tolerances  of  balls  for  bearings  are  close,  so  cp  and  eRS  will 
be  assumed  negligible.  Change  in  the  radius  of  the  ball  due  to  deposition 
of  the  nickel  layer  is  insignificant  and  also  neglected.  Change  in  dia¬ 
meter  of  the  ball  due  to  angular  velocity  can  be  neglected  at  the  maxi¬ 
mum  speed  (1,000  r.p.s.). 


. 
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The  error  in  measuring  frequencies  of  pulses  to  the  counter  is 

0.5  Hz.  Therefore,  the  error  in  angular  velocity  is  0.5  r.p.s.  and 

eln  ,  =  0.001 . 

In  / ^2 

Using  the  independent  error  analysis  assumption. 


ep*  =  (eT2  +  e,  ,  2  +  e, 2  +  e/-2)1^2 

P[v|  T  In  w-j/cog  t  /m  ' 


02) 


From  calculations , 


for  nitrogen  and  argon 
and  for  helium 


ep*  =  0.011  , 

£  p  *  =  0 . 032  , 

VW 


Tests  to  determine  residual  drag  during  tests  indicate  a  variation 
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of  residual  drag  such  that  ep *  =  4  x  10  torr. 

R 


(P*  +  P*1 


ep*  +  Ep* 
kM  kR 

p  *  +  p* 

KM  1  R 


ep*  ^p* 

kR 

p*  +  p*  +  p*  +  p* 

km  r  m  kr 


(13) 
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For  helium,  using  P^J  =  2  x  10  torr. 


®p  * 

KR 

p*  +  p* 

kM  kr 


0.02 
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and  for  nitrogen  and  argon  using  P^*  =  4  x  10  torr, 


ep* 

kR 

P*  +  p'* 

kM  kR 


0.01  . 


Equation  (13)  gives 


for  argon  and  nitrogen  £ 


<PM  +  PR> 


and  for  helium 


e(p*  +  p*) 

kR; 


=  .02 


=  .05. 


I 

>  v.  .  '  . 


' 


20 


Pressure  reading  error  is  difficult  to  assess.  Although  ion  cur¬ 
rent  readings  are  linear  with  true  pressure  and  therefore  precise,  the 
slope  of  the  line  may  be  in  error.  Probably  the  best  criterion  for  this 
and  other  errors  is  provided  by  the  final  result  a.  If  no  major  adsorp¬ 
tion  effects  are  expected,  a  should  be  nearly  constant  over  a  short 
pressure  range  such  as  occurs  in  this  work. 

Pressure  measurement  error  will  be  estimated  from  the  maximum  scat¬ 
ter  of  points  on  calibration  curves.  It  will  be  assumed  that 


e 

e 

£ 
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5  x  10  torr  for  nitrogen  , 

-4 

2  x  10  torr  for  helium  , 

_5 

7  x  10  torr  for  argon  . 


For  independent  errors,  £q 


Thus  for  nitrogen,  assuming  Pj 


for  argon,  assuming  Pj 


£ 

o 


and  for  helium,  assuming  Pj 


£ 

O 


(£(p*  +  p*)  + 

P*  =  4  x  10‘ 3 

2-1/2% 

PM  '  4  x  'O' 3 

3% 

PM*  ■  2  x  1°'3 

11%  . 


ep  2)V2 

ri 


torr  , 


torr. 


torr, 
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Helium  results  are  less  accurate  than  those  for  the  other  gases 


for  the  following  reasons: 
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a)  Pressure  calibration  is  not  as  accurate  as  can  be  seen  from  scatter¬ 
ing  on  Figure  4.  Also,  equivalent  ion  current  readings  for  nitrogen 

and  helium  had  to  be  made  on  different  scales.  Thus,  an  assumption 

-4  -3 

was  made  that  the  relationship  between  the  10  and  10  scales  was 

-2  -1 

the  same  as  that  between  10  and  10  scales  used  for  the  Baratron 
calibration. 

b)  Since  helium  decelerates  the  ball  more  slowly  than  nitrogen  or  argon 
(torque  is  proportional  to  —  ,  errors  in  measurement  of  residual  drag 
are  more  significant  for  helium. 

c)  Impurities  in  the  test  gas  cause  a  larger  error  for  helium  than  for 
nitrogen  or  argon.  Assuming  air  to  be  the  impurity,  average  impurity 
molecular  weight  is  closer  to  nitrogen  and  argon  than  to  helium. 
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CHAPTER  V 


SUMMARY  AND  CONCLUSIONS 

5.1  Averages  Values  of  a 

Average  a  for  nitrogen  on  new  nickel  is  0.94  and  for  aged  nickel 
is  0.91.  Benson  obtained  0.93  for  both  new  and  aged  silver.  Blankenstein 
obtained  0.98  for  air  on  a  polished  but  unbaked  surface  of  silver  oxide, 
and  Hurl  but  obtained  0.9  to  1.0  for  nitrogen  on  steel. 

Average  a  for  argon  on  aged  nickel  is  about  0.87  and  on  new  nickel 
may  be  about  0.9.  This  compares  with  0.95  and  0.91  for  argon  on  new 
and  aged  silver  by  Benson. 

Unfortunately,  tests  of  helium  on  new  nickel  are  not  reliable. 
Benson's  o  for  new  silver  was  0.43  and  0.89  for  aged  silver.  Average 
a  for  aged  nickel  in  this  work  was  about  1.0.  Blankenstein  obtained 
1.00  for  helium  on  silver  oxide. 

It  should  be  noted  that  values  of  a  greater  than  1.0  are  theoreti¬ 
cally  possible.  Such  values  could  occur  for  a  diffuse  like  reflection 
which  has  more  molecules  reflected  back  against  the  gas  flow  direction 
than  with  the  flow.  Peaks  and  steps  in  the  surface  could  present  non¬ 
tangent  areas  which  might  accomplish  such  a  reflection.  Considering 
the  error  inherent  in  those  points  greater  than  1.0,  it  does  not  seem 
justifiable,  at  present,  to  quote  results  greater  than  1.0. 

Of  the  results  in  which  a  >  1.0,  3  and  4  for  argon  on  new  nickel, 
and  1  and  2  for  helium  on  new  nickel  will  be  considered  as  caused  by 
excess  vibration  or  noise.  Points  3  and  4  for  helium  on  new  nickel  and 
point  2  for  helium  on  new  nickel  are  less  than  11%  (i.e.  e  for  helium) 
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greater  than  1.0. 

5.2  Surface  Condition 

Little  can  safely  be  said  about  the  state  of  the  sublimated  surface. 
As  stated  previously,  the  surface  should  be  irregular  with  low  bulk 
density.  Nickel  does  not  chemisorb  any  of  the  test  gases;  however,  a 
monolayer  of  chemisorbable  impurity  probably  forms  rapidly.  Typical 
residual  gases  such  as  hydrogen,  carbon  monoxide,  carbon  dioxide  and 
some  hydrocarbons  chemisorb  rapidly  on  nickel  (7). 

5.3  Decrease  of  o  with  Aging 

A  decrease  in  a  due  to  aging  was  observed  for  all  gases.  This  was 
also  noticed  by  Hurlbut  and  possibly  by  Stacy.  Stacy  examined  the  coef¬ 
ficient  of  viscosity  (which  is  directly  related  to  a),  and  found  changes 
with  aging.  It  was  suggested  that  the  effects  noticed  by  Stacy  could 
have  been  caused  by  a  drop  in  a.  Stacy  noticed  an  increase  in  hydrogen 
concentration  during  aging,  so  formation  of  a  layer  of  hydrogen  might 
have  caused  a  to  drop.  Hurlbut  attributed  the  drop  in  o  for  his  own 
results  to  formation  of  a  layer  of  oil  on  his  surface.  This  was  not 
proven  however,  since  no  visible  layer  was  found. 

The  lowering  of  a  due  to  hydrogen  adsorption  seems  possible  here, 
since  hydrogen  is  adsorbed  extremely  readily  on  nickel.  The  fact  that 
Benson  found  no  lowering  of  a  fits  this  explanation,  because  hydrogen 
does  not  adsorb  on  silver  at  room  temperature. 

The  fraction  of  molecules  reflected  diffusely  is  very  much  dependent 
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upon  surface  forces.  It  seems  possible  that  adsorbed  atoms  greatly 
affect  the  surface  forces  especially  on  a  rough  surface  as  encountered 
here.  Extensive  LEED  studies  documented  by  May  (8)  indicate  that  major 
surface  reorganization  is  caused  by  and  especially  02  on  clean  nickel 
surfaces.  This  reorganization  invariable  is  toward  a  more  ordered  struc¬ 
ture  which  would  produce  less  diffuse  reflection.  Although  the  nickel 
surface  here  was  much  rougher  than  those  of  the  LEED  studies,  the  results 
may  apply. 

Surface  change  may  also  be  attributed  to  changes  in  the  bulk  struc¬ 
ture  of  the  film.  Studies  documented  by  Holland  (9)  show  changes  of 
resistivity  with  time  for  films  held  at  deposition  temperature.  This 
indicates  some  bulk  activity. 


. 
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APPENDIX  I 


ELECTRONIC  CIRCUITS 

A.l  Magnetic  Suspension  Circuit 

The  suspension,  turning  and  counting  systems  are  based  on  the 
original  design  by  Beams  (10).  Figure  8  shows  a  circuit  diagram  for 
the  suspension  system.  As  explained  previously,  the  photodiode.  A, 
monitors  the  light  from  the  bulb,  L,  and  therefore  the  position  of  the 
ball.  Light  accepted  by  the  photodiode  induces  a  larger  current  in 
that  part  of  the  circuit.  This  current  is  amplified  by  two  stage  high 
current  gain  amplifier  to  an  output  at  point  A. 

The  circuit  from  A  to  B  provides  further  amplification  and  frequency 
response  is  adjusted  to  prevent  oscillation  of  the  ball.  This  circuit 
includes  a  differential  amplifier  which  has  a  higher  gain  for  an 
extraordinary  signal  (i.e.  a  rapid  movement  of  the  ball)  than  for  a 
steady  signal.  Thus  the  system  responds  very  quickly  to  return  the 
ball  to  its  proper  position. 

The  circuit  from  B  is  the  high  power  driving  stage  with  the  load 
being  the  suspension  coil,  SC.  This  coil  consists  of  1325  turns  of 
#24  magnet  wire.  The  equilibrium  current  in  this  coil  is  about  0.6  amps. 
As  previously  stated,  coil  current  is  ideally  constant,  however  this 
situation  is  only  approached.  Examination  of  this  current  on  an  oscil¬ 
loscope  shows  some  small  periodic  and  some  random  fluctuations  of  a  few 
mA.  Thus,  the  oscilloscope  trace  provides  an  accurate  judgement  of 
circuit  performance  and  was  used  in  the  fine  tuning  of  the  circuit. 
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Lifting  the  ball  into  the  suspended  position  was  accomplished  by 
passing  a  high  current  through  the  coil.  This  was  done  by  momentarily 
shorting  out  the  5  ohm  10  watt  resistor  below  the  suspension  coil  on 
Figure  8. 

A. 2  Counting  Circuit 

Figures  9  and  10  show  the  circuits  for  the  counting  system.  The 
electronics  has  the  function  of  taking  the  light  pulse  from  the  scratch 
on  the  ball,  amplifying,  shaping  and  stabilizing  it  to  a  form  such  that 
the  ATEC  counter  gives  an  accurate  count. 

Figure  9  shows  the  photodiode  signal  preamplifier  and  amplifier. 
Since  this  circuit  was  very  sensitive,  the  preamplifier  was  situated 
close  to  the  photodiode  to  minimize  noise  pickup  by  leads.  The  pre¬ 
amplified  signal  was  then  sent  to  the  amplifier  through  shielded  cable, 
amplified,  and  sent  to  an  output. 

This  output  goes  to  a  Schmitt  trigger  and  then  to  a  monostable 
multivibrator  as  shown  in  Figure  10.  The  function  of  these  circuits 
is  shown  in  Figure  11,  a  simplified  drawing  of  an  oscilloscope  trace 
of  the  counting  signals.  Consider  first  the  case  of  an  ideal  noiseless 
signal  as  shown  in  Figure  11(a).  The  Schmitt  trigger  outputs  at  only 
two  levels  of  voltage,  the  transition  from  one  to  the  other  being  de¬ 
termined  by  the  voltages  V-j  and  When  the  signal  at  C  in  Figure  10 
goes  down  to  a  voltage  is  produced  at  D.  When  the  signal  goes  back 
up  to  V-j ,  a  lower  voltage  is  produced.  The  monostable  multivibrator 
takes  the  pulse  from  D  and  provides  another  pulse.  This  pulse  can  be 
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varied  in  duration,  which  will  be  seen  to  have  considerable  advantage 
for  eliminating  multiple  counts  in  the  case  of  a  noisy  signal. 

A  typical  noisy  signal  is  shown  in  Figure  11(b).  Such  noise  is 
caused  by  surface  imperfection  in  the  ball  and  pickup  and  power  supply 
interactions.  Steps  must  be  taken  such  that  only  one  triggering  occurs 
per  revolution. 

Consider  peaks  r,  p  and  q  where  q  is  the  desired  scratch  signal, 
r  and  p  can  be  removed  in  two  ways.  The  first  way,  which  here  applies 
to  p,  is  to  keep  the  peak  above  V ^  so  no  triggering  occurs.  Adjustment 
to  achieve  this  is  done  by  varying  the  gain  (i.e.  amplitude)  and  vary¬ 
ing  the  D.C.  level  output  at  C.  Larger  noise  peaks  such  as  r,  which 
approach  the  amplitudes  q,  cannot  be  removed  in  this  manner.  Since  q 
peaks  vary  in  amplitude  somewhat,  one  runs  the  risk  of  not  counting 
every  q.  Peaks  of  type  r  are  removed  by  widening  the  multivibrator 
pulse  equivalent  to  q  to  the  extent  that  the  r  equivalent  pulse  is  also 
included.  Pulse  width  is  determined  by  the  discharge  time  of  an  RC 
circuit  which  is  controlled  by  a  potentiometer  as  shown  in  Figure  10. 

A. 3  Rotational  Drive  System 

The  rotational  drive  system  is  shown  in  Figure  12.  A  sine  wave 
signal  is  generated  by  a  Hewlett  Packard  oscillator  and  split  into  two 
equal  parts.  The  signals  are  each  changed  in  phase  by  45°  in  opposite 
senses  by  the  RC  phase  shifters.  These  phase  shifters  are  designed  to 
produce  this  exact  45°  phase  change,  and  equal  power  to  each  channel  for 
a  signal  at  8250  Hz.  The  two  signals  90°  out  of  phase  go  to  identical 
amplifiers  and  then  two  sets  of  field  coils. 
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TABLE  1 

DATA  FOR  NITROGEN  RUNS 


RUN 

f-j  rps 

(t2  -  t-j) 
MIN 

P* 

R 

TORR  x  10" 3 

(p*M  -  p*R) 
TORR  x  10" 3 

pi 

TORR  X  10' 3 

a 

.320 

CALIBRATION 

ROUGH 

BALL 

WITH  N2 

1 

999.0 

7 

1.98 

1.98 

1.00 

2 

966.4 

4 

3.67 

3.67 

1.00 

3 

909.8 

2-2/3 

5.88 

5.88 

1.00 

4 

858.3 

2-1/3 

7.53 

7.53 

1.00 

.593 

n9  ON 

1 

910.9 

4-1/2 

3.62 

3.85 

.941 

L. 

NEW  Ni 

2 

871.1 

3 

5.57 

5.94 

.940 

3 

829.0 

2-1/3 

7.17 

7.60 

.943 

.362 

n2  ON 

AGED  Ni 

1 

907.4 

4.6 

3.57 

3.93 

.909 

2 

858.3 

3-1/3 

5.27 

5.78 

.913 

3 

797.6 

2-3/3 

7.03 

7.72 

.912 
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TABLE  2 

DATA  FOR  ARGON  RUNS 


RUN 

f-j  rps 

4-> 

1  i — i 

s: 

CvJ 

+-> 

P* 

kR 

TORR  x  10" 3 

( p*  _  p*  ) 

TORR  x  10"3 

pi 

TORR  X  10'3 

a 

.0780 

1 

995.6 

2 

6.78 

7.66 

.886 

A  ON  2 

895.2 

2-1/2 

5.62 

6.20 

.907 

NEW  Ni  3 

867.9 

3 

4.28 

4.03 

1.062 

4 

836.3 

3 

3.92 

3.23 

1.212 

.298 

1 

A  ON 

972.2 

3-2/3 

2.83 

3.19 

.888 

/\  UIN  - 

2 

flcrn  Mi 

938.2 

2-3/3 

4.70 

5.39 

.872 

HuL  U  IN  1 

3 

894.1 

2 

6.91 

8.06 

.858 

<• 
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TABLE  3 

DATA  FOR  HELIUM  RUNS 


RUN 

f-|  rps 

(^2  -  t-j ) 

MIN 

P* 

PR 

TORR  x  10' 3 

<PM  -  PR> 
TORR  x  10" 3 

pi 

TORR  x  10" 3 

a 

.247 

1 

985.4 

6 

2.57 

2.21 

1.16 

He  ON 

2 

972.3 

10 

1.60 

1.36 

1.17 

NEW  Ni 

3 

957.9 

8 

2.39 

2.22 

1.07 

4 

939.5 

7 

2.92 

2.75 

1.06 

3.22 

He  ON 

AGED  Ni 

1 

982.8 

10 

1.85 

1.86 

.995 

2 

961.2 

10 

2.89 

2.84 

1.015 

3 

930.8 

10 

2.17 

2.17 

1.00 
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FIGURE  1  SCHEMATIC  OF  THE  APPARATUS 
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FIGURE  2  ASSEMBLY  OF  THE  SUSPENSION,  TURNING 
AND  COUNTING  SYSTEM 
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FIGURE  3  NITROGEN  CALIBRATION 
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FIGURE  4  HELIUM  CALIBRATION 
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FIGURE  5  NITROGEN  RESULTS 
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FIGURE  6  ARGON  RESULTS 
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FIGURE  7  HELIUM  RESULTS 
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Figure  8.  CIRCUIT  DIAGRAM  FOR  MAGNETIC  SUSPENSION  AMPLIFIER 
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Figure  9.  CIRCUIT  DIAGRAM  FOR  PREAMPLIFIER  AND  AMPLIFIER 
-  COUNTING  SYSTEM 
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Figure  10.  CIRCUIT  DIAGRAM  FOR  PULSE  SHAPING  CIRCUIT 
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FIGURE  11  SCHEMATIC  OF  THE  COUNTING  OSCILLOSCOPE  TRACE 
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FIGURE  12  SCHEMATIC  OF  THE  ROTATING  DRIVE  APPARATUS 


